A robust adaptive chattering-free sliding mode (ACFSM) control method for electronic throttle (ET) system is proposed in this paper. It is well known that nonlinearities in the throttle system including friction, return-spring, limp-home (LH) and gear backlash affect the control accuracy of the throttle valve. Compared with the traditional sliding mode control methods, the ACFSM control not only overcomes the influence of nonlinearities and parameter uncertainties in the ET system, but also eliminates chattering in nature such that excellent throttle tracking performance and robustness are maintained. The proposed ACFSM control method is superior to the traditional sliding mode control in the following two aspects: 1) The chattering-free sliding mode control method is able to attenuate the control chattering without weakening the output tracking performance and robustness. 2) The upper bounds of the uncertainty and disturbance are not required any more in control design. They are online estimated by the adaptive law in the sense of Lyapunov. Moreover, due to the difficulty in selecting proper control parameters, the genetic algorithm (GA) is introduced to optimate the control parameters for the ACFSM controller prior to practical implementation. The comparative experimental results are given to demonstrate the excellent control performance of the proposed ACFSM control.
I. INTRODUCTION
As one of the important actuators in the gasoline engine management system, the vehicle throttle body directly influences the power, economy, safety, comfort and stability of the automobile. The main function of the throttle valve is to control the air flow of the engine. According to the type of throttle, the throttle control system can be classified into two categories: the mechanical throttle system and the electronic throttle system. The traditional vehicle throttle is directly connected to the accelerator with a mechanical device and thus the throttle opening angle is only controlled by the judgment of driver. Many internal and external factors will affect the efficiency of the engine and the corresponding effects are very difficult to be alleviated in the mechanical throttle system. In addition, ET simplifies throttle control system including integrated idle speed control, cruise control and The associate editor coordinating the review of this manuscript and approving it for publication was Rongni Yang. vehicle stability control [1] . The ET valve is the throttle valve plate, whose opening angle is controlled by an electronic computing module. At the same time, the ET system can effectively overcome the drawbacks caused by traditional throttle systems, particularly for drive-by-wire vehicles [2] .
For the practical ET system, many kinds of nonlinearities and uncertainties affect the real-time control accuracy, such as the spring nonlinearity, gear backlash and frictions. The most widely used control algorithm in modern ET control systems is the classical proportional-integrative-derivative (PID) control [3] , [4] . The main feedback controller is equipped with feedforward compensation for the nonlinearities of friction and LH acting on the ET body. To compensate the effects of friction, an optimized PID controller with a feedback compensator was designed by Deur et al. [5] . However, since the friction compensator in [5] can easily cause high frequency oscillation in steady-state conditions, a self-learning PID controller using neural network technique was proposed by Yuan and Wang [6] to solve the problem. A fractional fuzzy-PID controller with fly optimization algorithm for ET was proposed by Sheng and Bao [7] , and the controller can search for the optimal values of control parameters.
In addition to the PID control algorithm, optimal control algorithm is also widely used. In order to solve the nonlinear problem of gearbox friction and limp, a constrained finite-time optimal control method was presented by Vašak et al. [8] . Zhang et al. [9] presented a linear parameter varying (LPV) and mixed constrained H 2 /H ∞ controller to overcome the influence of the high system nonlinearities, which uses the linear matrix inequality convex optimization approach. On the basis of adaptive control, adaptive control techniques [10] - [12] are explored to enhance the control robustness with respect to process parameter variation. Adaptive control relies on fewer knowledge of the model and can be implemented without time-consuming experiments for accurate characterization of the system nonlinear dynamics.
Recently, sliding mode control (SMC) [13] - [18] has been widely used in engine control. Compared with traditional PID control, SMC method is more suitable for dynamic control process due to its ability of handling the effect of the sliding frictions and air flow pressure torque of the ET system, which means it can ensure a good tracking performance and strong robustness. Further study is based on observers, such as a proposed extended state observer based integral SMC method can improve both the accuracy and response time [19] . Based on SMC methodology, an adaptive SMC method was proposed to online estimate the control gains and the uncertainty bounds such that the good performance was obtained [20] - [22] .
However, in the above SMC-based ET control schemes, due to the utilization of the standard signum function in the SMC, high-frequency chattering inevitably occurs, which is highly undesirable for practical applications. Although the boundary layer method is popularly adopted to alleviate the control chattering, both the tracking precision and the robustness are weakened to some extent. In this paper, a novel adaptive chattering-free sliding mode (ACFSM) control is developed where the lumped uncertainty bound is adaptively updated in Lyapunov sense by the designed adaptive law. Consequently, the influences of the lumped uncertainty can be alleviated, strong robustness can be achieved, and relative smoothness of the control signal can be obtained. Since it is normally difficult to determine the ideal parameters of the ET controller in practice, genetic algorithm (GA) is utilized to obtain optimal control parameters prior to real-time implementation. It is shown that not only no chattering phenomenon exists in the closed-loop system response, but also excellent transient and steady-state tracking performance can be well maintained.
The paper is organized as follows: In Section II, a dynamic model of an ET control system is described with the expression of the bounded lumped uncertainty. In Section III, an ACFSM controller is proposed, the stability and convergence of the closed-loop system are analyzed via the Lyapunov stability theory. The experimental results of the proposed ACFSM control are presented and discussed in Section IV. Finally, the conclusion and some future work are given in the last section.
II. PLANT MODEL AND PROBLEM FORMULATION
The structure of an ET system is shown in Fig. 1 , which includes an accelerator pedal, electronic throttle body, and microcontroller unit (MCU). The electronic throttle body consists of a DC motor (powered by the bipolar chopper), a gearbox, a valve plate, a position sensor, and a dual return spring. The electronic throttle system works as follows: When the external accelerator pedal is stepped down by driver, the pedal movement is measured by a potentiometer and converted to a voltage signal. At the same time, the potentiometer sensor in the throttle will also convert the actual throttle angle to a voltage signal. Then, these two voltage signals are sent to the MCU. After the MCU receives the input signal from the pedal and the current angle signal of throttle, it determines the appropriate air-fuel mixture to be fed into the engine. The control voltage is provided by the MCU through PWM control module, which is to power the DC motor and generate the rotational torque. Finally, the rotational torque generated by the DC motor is transmitted to the plate shaft through the gear to get a corresponding opening of the throttle valve.
The dynamic structure of the electronic throttle body is composed of a linear DC motor model and a throttle motion equation. Accordingly, not only the connection between the torque of the motor and the throttle plate but also the nonlinear characteristics of the system, including the torque of the friction, return spring and gearbox, are considered. The block diagram of the throttle body model is shown in Fig. 2 .
In the model, the armature lag effect is neglected because of the small values of armature inductance. Then, the system dynamics of the ET can be described as follows [11] , [12] :
where ω m and ω t are angular velocities of the motor and throttle plate, respectively, J m and J t are moment of inertia of the VOLUME 8, 2020 motor and throttle valve, respectively, T a is the electromagnetic torque, T m is gear input torque, T l is gear output torque, T f is the friction torque, T sp is the return-spring torque, T L is the load torque including the disturbance torque caused by the effect of air flow force acting on the throttle plate, k p and k e are constants of motor torque and electromotive force, respectively, B m is viscous damping coefficient of the motor, B t is viscous damping coefficient of throttle valve, R is total resistance of the armature circuit, u is control input voltage of motor.
The stick-slip friction model is given by:
where F s is the Coulomb friction constant and sign (ω t ) is the sign function expressed as:
The characteristic of the nonlinear throttle return-spring torque is given as follows:
where θ t is the opening angle of the ET plate and θ 0 is the spring default position, namely, the LH position, θ min and θ max are the spring minimum position and maximum position, respectively. k sp is the spring elastic coefficient, and T LH is the spring offset. According to the graphic description shown in Fig. 2 , the backlash nonlinearity between gears is generally expressed as
where N is defined as the gear ratio, δ is the backlash distance, T l (t_) means that no change occurs in T l (t).
It is worth noting that in the controller design, the backlash model (7) can be rewritten in the following form:
Therefore, the model of the electronic throttle control system can be simplified to the following form:
where J e = N 2 J m + J t and B e = N 2 B m + B t are the equivalent inertia and damping coefficient of the ET system model, respectively.
is a positive constant. Furthermore, considering the uncertainties, including production deviations, variations of external conditions, aging, and disturbance, the equation (9) can be rewritten in the form of throttle position θ t :
where m = m 0 + m, n = n 0 + n, T fa = T fa0 + T fa , T spa = T spa0 + T spa . And m 0 , n 0 , T fa0 , T spa0 and T Da are defined as follows:
where m 0 , n 0 , J e0 , B e0 , N 0 , k e0 , k p0 , and R 0 are the nominal values of the system parameters, T fa0 , T spa0 are the nominal values of friction and return-spring torque disturbances. The corresponding parameters of ET system are listed in Table 1 . Then, (10) can be written as:
is bounded by a positive constant f t such that ≤ f t . Therefore, the formula (9) is rewriting as follows: where lum = , = 1 m 0 . According to aforementioned boundary information of , it is easy to find that:
Remark 1: In the actual ET system, there exist deviations between the nominal parameters and the actual values because of external factors. It increases the difficulty of control design, and is the main reason that affects the stability of the system. In addition, the stability of the ET system also subject to the influence from external disturbance. The main disturbance torque uncertainty is T L . It is noted that a small delay effect in mechanical and burning parts of air flow system is regard as a part of lumped uncertainty in this paper. This approach has been used in literature and has achieved superior control performance [13] , [14] , [20] , [23] . For the system in the presence of input-delay and uncertain dynamics, one can refer to [24] , [25] for further details.
III. CONTROL DESIGN
In this section, in order to handle the total uncertainty in the plant model and to eliminate chattering phenomenon completely, an ACFSM control method is proposed, whose parameters are optimized by GA. This control method can ensure that the electronic throttle has excellent transient and steady-state tracking performance under varying system parameters and external interferences.
A. CONTROL SCHEME DESIGN
Firstly, the ET tracking error between the actual ET opening angle θ t and the reference angle θ d is defined as:
Similarly, the two-order derivative of the system error can be expressed as:ë
According to the system model in (16), we can rewrite (19) as follows:
The ET system model in (16) can then be re-written as:
lum , which is also bounded since boundary information of lum has been given in the (17), and c (e, t) = , where is positive constant defined in the (17) .
In addition, it is reasonable to assume that the derivative of x (e, t) in system (21) is bounded:
where f d > 0 is a constant. Note that this assumption is realistic in practical applications. For example, when the car is running in some complicated road conditions, the load torque of the ET system may vary due to changes in external uncertainty such as changed air flow of the engine, but the change rate of the load torque is always limited. In this paper, a sliding-mode manifold is chosen as follows [26] :
where a 2 and a 1 are both constants, they can be selected such that the polynomial a 2 p + a 1 , which corresponds to system (23), is Hurwitz, i.e., the eigenvalues of the polynomial are all in the left-half side of the complex plane. r 1 and r 2 can be determined based on the following conditions [27] :
where υ ∈ (1 − ε, 1) , ε ∈ (0, 1) .
From the error dynamical equation (20), the sliding-mode manifold (23) can be re-written as follows: s =ë + a 2 sign (ė) |ė| r 2 + a 1 sign (e) |e| r 1 = z (e, t) + x (e, t) + c (e, t) u + a 2 sign (ė) |ė| r 2 + a 1 sign (e) |e| r 1
Theorem 1: If the sliding-mode surface s is selected as (23) and the controller is designed as follows:
where u 2 (0) = 0, F ≥ 0, k ≥ 0,Ĥ 12 is the observed value of H 12 and online estimated by the following adaptive law:
where λ is a positive constant, while
where γ is a positive constant, k t is positive constant satisfying:
then the closed-loop error dynamics in (21) will reach s = 0 in finite time, and the tracking error e will converge to zero along s = 0 within finite-time.
Proof: Substituting the control laws (26)-(29) into sliding-mode manifold (25) yields:
From (32) and (33), the following relationship under the condition can be obtained (See Appendix for the detailed proof)
Considering a Lyapunov function V = s 2 2 + 1 2λ (Ĥ 12 − H 12 ) 2 and taking the first-order derivative of V , we obtain: (22), (33), (35) and above equation, we have
It should be noted that γ is a positive constant, (36) means that the sliding mode surface s = 0 will be reached in finite time and kept afterwards. Thus, the tracking error of the closed-loop ET system will converge to zero on the sliding mode surface in finite time.
Remark 2: Regarding the time derivative of Lyapunov function (36) , whose integral value from 0 to +∞ can be obtained as follows:
If we choose H 12 and F that satisfy inequalities (31)-(32), the energy function V is bounded. Then we can draw the following conclusions by applying the Barbalat's theorem: lim t→∞ s = 0 andṡ = 0. Consequently, the position tracking error e will exponentially converge to zero.
Remark 3: All variables in (26)-(29) are available except s, becauseë is not available in (23) . So, we need to define a function B(t) for calculating sign (s) in (29) as follows:
s can be obtained by the following equation:
where τ is time delay. Note that the time delay in this paper represents the time of control cycle existing in the microcontroller. We can choose a fundamental sampling time as τ , which is 1ms in this paper. Remark 4: It is worth noting that (28) is equivalent to a low-pass filter, where I (t) is the input and u 2 (t) is the output of the filter, ω = F is the bandwidth of the low-pass filter. The Laplace transfer function of the filter (28) is:
When the value of F is increased, the convergence time of the curve can be shortened, but the control signal will be non-smooth. On the contrary, when the value of F is reduced, the convergence time becomes longer, but the control signal will be smooth. We can get satisfactory tracking performance by adjusting the value of F appropriately.
Remark 5: As can be seen from (26), parameters a 2 , a 1 , r 1 , r 2 and γ are important parts of the control signal u. Ordinarily, a 2 and a 1 are selected such that the polynomial a 2 p + a 1 is Hurwitz. If the values of a 2 and a 1 are chosen too large, both chattering and overshoot of the tracking curve will occur. On the contrary, if the values of a 2 and a 1 are too small, the tracking performance of the system will decline. However, the selection rules for parameters r 1 and r 2 are just the opposite of a 2 and a 1 . Too large values of r 1 and r 2 will cause worse system tracking performance and too small ones will cause chattering. Therefore, the values of a 2 , a 1 , r 1 and r 2 should be appropriately chosen in practice to ensure the stability of the system. In addition, the adaptive gain λ determines the convergence rate of the ET system. The convergence rate will increase with larger λ, but too large value will incur chattering.
B. PARAMETER OPTIMIZATION USING GA
There are four parameters in the ACFSM controller that we need to calibrate in actual experiments, which are a 1 , a 2 , r 1 and r 2 respectively. In actual experiments, too large or too small values of the parameter will cause instability of the system even accidents, so we need to find the approximate range of parameters before experiments. Since GA can evaluate multiple points parallel in the parameter space, it is more likely to converge toward a global solution [28] . Because of such advantages, this underlying GA-based global optimization technique has been embedded or integrated into other control methodology [29] - [35] , such as PID, H infinity control and fuzzy control. In these published papers, although optimal parameters can be effectively obtained, genetic algorithms may tune the parameters that produce an unstable closed loop system since this algorithm relies on the randomly generated values [30] . In order to avoid this shortcoming, in this paper, GA is used to predetermine the controller parameters based on the system model simulation in order to reduce the cost of trial and error in experiments. The GA implement process can be divided into five steps: initialization, evaluation and selection, crossover, mutation and termination. The details of implement are as follows [36] :
The process begins with a set of individuals which is called a population. In this paper, each individual represents a solution of the four parameters. The range of four parameters are predefined as a 1 ∈ [1, 60] , a 2 ∈ [1, 40] , r 1,2 ∈ [0, 1]. Moreover, each parameter is expressed in 10-bit binary genes, i.e., using a 40-bit string to represent four parameters configuration where each 10-bit string stands for one parameter. Typically, the initial population is generated randomly, allowing the entire range of possible solutions. The recommended population size of a combinatorial optimization problem is 20 to 200.
2) EVALUATION AND SELECTION
The evaluation aims at identifying the best individual and fitness value. It is a process of searching the optimum by comparing individual with the others. There are three criteria to evaluate a control system: stability, accuracy and rapidity. Taking above three aspects into consideration, a fitness function contains control amplitude, error and rise time is proposed as follows: where J is cost function, w i (i = 1, 2, 3) are positive constants, t u is rise time, is an enough small constant to avoid the denominator of the fitness function becoming zero.
3) CROSSOVER
The reproductive phenomena in the process of biological evolution are simulated by the exchange combination of two chromosomes to produce new fine varieties. Taking binary encoding example as example, common crossover operators include single point crossing, multipoint crossing, partial mapping crossover, etc. In the actual implementation, the process is to exchange specific bit of two binary strings.
4) MUTATION
In certain new offspring formed, some of their genes in a chromosome can be subjected to a mutation with a low random probability. In binary coding example, a mutation implies that some of the bits in the bit string can be flipped. Mutation occurs to maintain diversity within the population and prevent premature convergence.
5) TERMINATION
The generation process will repeat until the termination condition is reached, in this paper, the termination is set to the number of iterations. Each operation process of the GA will obtain a set of parameters and the corresponding f value. After many cycles of genetic algorithm, we can get the values of multiple sets of parameters and the corresponding f value. Our purpose is to select the parameters corresponding to the higher f value. In this study, the implementation of GA includes four parameters: population size (M), genetic algebra (G), cross probability (Pc), and mutation probability (Pm). The basic GA flow is shown in Fig. 3 . Considering the actual system, the initial parameters are chosen as M = 120, G = 100, Pc = 0.9, Pm = 0.01, respectively. The fitness function parameters are chosen as w 1 = 0.999, w 2 = 0.01, w 3 = 2, = 1×10 −10 respectively. Through genetic algorithm, we find that the optimal values of a 1 , a 2 , r 1 and r 2 in ACFSM controller are a 1 = 54, a 2 = 14, r 1 = 0.28, r 2 = 0.44, respectively.
IV. EXPERMENTAL RESULTS
The ET experimental platform is shown in Fig. 4 , mainly including the following six parts: foot pedal, throttle valve, motor driver, DSP microcontroller, power supply and personal computer (PC). In addition, a digital implementation of the control algorithm is performed in a digital signal processor (DSP) development board (TMS320F28335) with the sampling interval of 1ms. In order to evaluate the performance of the designed ACFSM controller, we carried out experiments on the ET platform.
In the experiment, we analyzed the normal driving process of the driver, and decided to adopt two input signals, sine and step, to simulate the normal running of the car. In order to evaluate the proposed control algorithm more effectively, a PID control algorithm and an adaptive sliding mode (ASM) control algorithm are used for comparison. For a fair comparison, the GA algorithm designed for the ACFSM is also applied to PID and ASM, and the corresponding parameters are listed in Table 2 .
The traditional PID control algorithm is given as follows [5] :
where K p , K i and K d represent the proportional parameter, integral parameter and differential parameter of PID algorithm, respectively. Then, the ASM control algorithm is given as follows [23] :
s a =ė +ξ a1 e +ξ a2 e dt (44)
where s a is adaptive sliding variable,η a ,ξ a1 ,ξ a2 are control adaptive variables, ρ 1 , ρ 2 , ρ 3 are corresponding adaptive gains, k a is positive constant. The controller is evaluated by the following three sets of different reference signals. 
Case 1)
The reference signal is chosen as stair curves with amplitudes of 0.3 rad, 0.8 rad and 1.4 rad to illustrate the tracking performance for sudden change signals.
Case 2) The reference signal is a sine curve with θ d = 0.5 + 0.8sin(πt) and θ d = 0.5 + 0.8sin(2πt) to evaluate the tracking performance in continuous signals. 
Case 3)
The reference signal is composed of those in case 1 and case 2, respectively. However, the control signal is changed to u = 0.8u − 0.3θ t − 0.3θ t , which is equivalent to adding external interference in the system. This reference signal is designed to evaluate the anti-interference ability of the ACFSM algorithm. Figs. 5-7 show the tracking performances of the ACFSM, PID and ASM controllers in case 1. We can see that the tracking performance of the ACFSM controller is superior to those of the PID and ASM controllers. Furthermore, the ACFSM controller not only responds faster, but also results in less overshoot than the other two controllers. In Figs. 5 (b), 6 (b) and 7 (b), the tracking error of the ACFSM controller is within 0.06 radians. Particularly, the error is close to zero in steady state. However, the error of the PID and ASM controllers exceeds 0.06 radians, sometimes even close to 0.1 radians. From the tracking curves 8 (a), 9 (a) and 10 (a), it can be found that the tracking performance of the ACFSM controller is better than PID and ASM controllers both in the low frequency operation time and the high frequency operation time. Figs. 8 (b) , 9 (b) and 10 (b) reflect the tracking error of the three controllers, and it is easy to see that the error of the ASCFM controller is smaller than the other two controllers both in steady state and transient state.
In order to evaluate the control performance of the three controllers more comprehensively, electrical disturbances were added to the ET system. Figs. 10-12 show the experimental results of the ACFSM, PID, and ASM controllers in case 3. Since the adaptive algorithm needs some time to adjust the value of parameter H 12 , the superior tracking performance of the ACFSM controller is not displayed immediately when the interference is added. However, after a short period, the tracking performance of ACFSM control becomes perfect. From Figs. 11 (a) find that the performance of the ACFSM controller is superior to the other two controllers in overcoming external disturbances. Finally, the control voltage curves of the three controllers are similar in Figs. 11 (c) , 12 (c) and 13 (c).
In Figs. 5 (d), 8 (d) and 11 (d), the parameter H 12 is adjusted adaptively when the error value is larger than 0.03 radians. The adaptive rule has a limited range because the signals detected by the sensors in reality are not accurate enough. The adaptive adjustment of parameter H 12 enhances the antiinterference ability of the system.
To further evaluate the performance of proposed controller, two quantitative indexes, root mean square (RMS) values and the maximum (MAX) values of the sampled opening angle tracking error e (i), are introduced which defined as follows:
MAX (e) = maximum (|e|)
It can be seen from the Fig. 14 that , ACFSM exhibits the best performance where both the RMS(e) and MAX (e) are smallest among the three control. For the ASM control, the value of RMS(e) and MAX (e) are larger than that of ACFSM, but smaller than the PID. By comparing the experimental results of the three controllers in three cases, we can conclude that the control performance of the ACFSM controller is superior to those of the traditional PID and ASM control.
V. CONCLUSION
Nonlinearities in the throttle system including friction, returnspring limp-home and gear backlash, which weaken the control accuracy of the throttle valve, were the common difficulties in ET control. Sliding mode control method is an effective way to attenuate the nonlinear influences and realize high tracking performance. Many designed controllers have tried to eliminate chattering phenomenon by implementing sliding mode control, but the tracking precision and the robustness are weakened as well. In this paper, an ACFSM controller is proposed, which can solve the two problems simultaneously in the ET system because it combines the advantages of the CFSM control method and the adaptive law. As shown in the experimental results, the ASCFM controller is superior to the conventional PID controller and the ASM controller in tracking performance. The proposed ASCFM controller shows strong robustness especially when the throttle encounters external disturbances. The future work is to design a disturbance state observer for the ACFSM controller to control the throttle opening angle more accurately and further improve the stability of the electronic throttle system. If u 2 > f T , then u 2 + Ff T > 0, sign (u 2 + x (e, t)) = sign (u 2 ) = 1. It can be obtained from (A.1) as follows:
In the same way, if u 2 < −f T , then sign (u 2 + x (e, t)) = sign (u 2 ) = −1. It can be obtained from (A.1) as follows: is kept for any t ≥ 0. From (32) and (A.2), we can get the following relationship under the condition u 2 (0) = 0: k t ≥ Ff T ≥ F|u 2 (t)| This completes the proof.
